ABSTRACT: Accurate modeling of tire-pavement contact behavior plays an important role in the analysis of pavement performance and vehicle stability control. A threedimensional (3-D) tire-pavement interaction model was developed using the finite element method (FEM) to analyze the forces and contact stresses generated during vehicle maneuvering (free rolling, braking/acceleration, and cornering). A pneumatic radial-ply tire structure with rubber and reinforcement was simulated. The steady-state tire rolling process was simulated using an Arbitrary Lagrangian Eulerian (ALE)
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(FEM) is the method of choice to address the many important aspects of tire-pavement rolling contact, such as: the composite tire structure (rubber and reinforcement), the nonlinear behavior of tire and pavement material, complex boundary conditions, and temperature effects.
The transient contact with nonlinear frictional behavior at the tire-pavement interface makes the rolling contact problem more difficult than it may appear at first glance. The nonlinear frictional contact could introduce numerical difficulties into the FEM solution because the contact area and the distribution of contact tractions are not known beforehand (Laursen and Stanciulescu 2006) . It is expected that the contact stresses are affected by the frictional behavior of the contact interfaces. The formation of slipping/adhesion zones in the contact area would change depending on the allowed maximum friction force. Field measurements have clearly shown that the friction coefficient between the tire rubber and pavement is dependent on the vehicle sliding speed (Henry 2000) . Therefore, an appropriate friction model is needed to accurately capture the realistic interaction between the tire and pavement.
Objective
This research aims to develop a improved tire-pavement interaction model using finite element modeling (FEM) and analyze the contact stresses and forces during vehicle maneuvering (free rolling, braking/acceleration, and cornering). An improved friction model that considers sliding speed effect on friction coefficients was implemented into the tire-pavement interaction model. The effect of pavement surface friction on the tirepavement contact stresses in three directions (vertical, transverse, and longitudinal) was Journal of Engineering Mechanics. Submitted March 14, 2012; accepted July 5, 2013 ; posted ahead of print July 8, 2013. doi:10.1061/(ASCE) EM.1943-7889.0000691 Copyright 2013 by the American Society of Civil Engineers M a n u s c r i p t
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investigated. The tire forces generated at vehicle maneuvering conditions, i.e., the friction force versus slip ratio and the cornering force versus slip angle, were analyzed using different friction models.
Development of A 3-D Pneumatic Tire Model
Simplified 2-D tire models have been used in vehicle dynamics to predict tire performance in traction and stability control (Knothe et al. 2001 ). The common 2-D tire models can be divided into three main groups. The first group consists of the classical spring-damper models having a single contact point with the road surface. The second group is the tire-ring models, which have an outer contour in contact with the ground.
The third group consists of parametric mathematic models, such as the Pacjeka model.
These models are derived from measurements of testing tires under various conditions.
However, these simplified models can not fully capture the complex structure of the tire and the nonlinear friction behavior at the tire-pavement interface. Recently, generalpurpose FE commercial software, such as ABAQUS, ANSYS, and ADINA, provide more tools to simulate tire structure and tire-pavement contact behavior with rolling contact.
Theoretically, a tire model should consider the following: 1) the composite structure (rubber and reinforcement) and the significant anisotropy caused by great differences in stiffness between the rubber and reinforcement; 2) the large deformation due to flexibility of tire carcass during contact with the pavement surface; 3) the nearincompressibility and the nonlinearity of rubber material (Wong 1993) . The tire models M a n u s c r i p t
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commonly used for tire design purposes predict the deformation of the whole tire and the interaction of internal components (e.g., sidewall, tread, and belts).
This study is focused on the tire deformation as it relates to the contact region and the resulting contact stress distributions at the tire-pavement interface rather than the internal stress distribution in the tire. Therefore, simpler models can be employed for higher computational efficiency. Because tire manufacturers usually do not reveal information on material properties of the tire, the rubber is assumed in this study as linear elastic material with a Poisson's ratio close to 0.5. Different parts of rubber elements (sidewall, shoulder, belt rubber, and tread) are modeled having variable elastic stiffness.
The reinforcements (radial ply and steel belts) are modeled as a linear elastic material with high modulus. The reinforcements were modeled as surface membrane elements with embedded rebar layers. These reinforced surface membrane elements were embedded in "host" continuum elements. Fig. 1 shows the mesh of each tire component for the modeled radial ply tire (275/80 R22.5 truck tire) with five straight longitudinal ribs. The tire model comprises one radial ply, two steel belts, and a rubbery carcass (sidewall and tread). The outer radius of the tire is 506mm and the tire height is 220mm. The two steel belts are oriented at +20° and −20° with respect to the hoop (circumferential) direction, while the radial ply is perpendicular to the circumferential direction of the tire. The rim is considered rigid and is in contact with the bead at the end of sidewall. To optimize computation speed and resolution, a finer mesh is chosen around the tread zone, and a coarse mesh is used in the sidewall.
The initial elastic modulus of each tire component is based on examples from the literature (Zhang 2001; Ghoreishy et al. 2007 ). The elastic properties of rubber and reinforcements are calibrated to obtain deflection values close to experimental measurements provided by tire manufacturers. Sensitivity analysis showed that tire deflection is primarily affected by sidewall stiffness and the orientation of steel belts (crown angles). Good agreement was achieved between the predicted and measured deflections under various load and tire inflation pressure levels, as shown in Fig. 2 . In the development of tire-pavement interaction model, the calibration was first performed at static conditions using the measured tire deflections, contact lengths, and areas at various load and pressure levels. Subsequently, the tire-pavement interaction was The tire-pavement interaction is a complicated problem, because it involves three nonlinear factors (material, geometry, and contact). First, pavement is a multi-layer structure with nonlinear material properties for each layer, and the tire is a composite structure including rubber and reinforcement. Second, when a tire is in contact with a pavement surface under a wheel load, the tire exhibits large nonlinear deformation. Third, the contact condition between the tire and the pavement surface is complex. Contact area and stresses vary with wheel load, tire inflation pressure, tire rolling condition, and interface friction condition.
In this study, the pavement is considered a non-deformable flat surface to achieve better computational efficiency and stability. This assumption is considered reasonable because the tire deformation is much greater than the pavement deflection when wheel load is applied on the tire and transmitted to the pavement surface. The relatively large deformation of the tire is taken into account using a large-displacement formulation for the consideration of geometric nonlinearity. The assumption of rigid pavement surface has been successfully used in previous research to study the contact forces and stresses at the tire-pavement interface ( tire-pavement interface. In the steady-state transport analysis, the Arbitrary Lagrangian Eulerian (ALE) formulation is used rather than traditional Lagrange or Eulerian formulations. The ALE uses a moving reference frame, in which rigid body rotation is described in an Eulerian formulation and the deformation is described in a Lagrange formulation (Hughes et al. 1981 , Nackenhorst 2004 . This kinematic description converts the steady-state moving contact problem into a pure spatially dependent simulation. Thus, a refined mesh is needed only in the contact region and the computational time can be significantly reduced. To ensure the selected mesh in the contact region (tread zone) is sufficiently refined, a spatial convergence analysis was conducted.
Rolling contact problems are highly nonlinear, and they are further complicated by the fact that the contact forces and contact patches are not known a priori. A solution to contact problems must satisfy general basic equations and equilibrium equations and boundary conditions. The popular approach to solve the contact problem is to use nonlinear optimization theory. Several approaches are used to enforce non-penetration in the normal direction, amongst which the most used are the penalty method, the Lagrange multipliers method, or the augmented Lagrangian method (Wriggers 2002).
The contact tractions between a tire and the pavement surface can be decomposed into two components: normal and tangential to the pavement surface. A penalty method is used to enforce the normal contact condition (impenetrability), and the Coulomb friction law to describe the tangential interaction between two contacting surfaces. In modeling, finite-sliding is allowed to account for the relative motion (separation or sliding) of two contacting surfaces when tire rolling is simulated.

Friction at Tire-Pavement Interface
The development of friction force between tire rubber and a rough hard surface has two contributions that were commonly described as adhesion and hysteresis. The adhesion component is the result of interface shear and is important for a clean and smooth surface.
The magnitude of adhesion component is related to the product of actual contact area and the interface shear strength. The hysteresis component is the result of damping losses and energy dissipation of the rubber excited by the surface asperities (Kummer 1966).
Experimental measurements have shown that the friction force at tire-pavement interface is influenced by many factors, including vehicle factors (load, speed, slip ratio, slip angle, and camber angle), tire factors (tire type, inflation pressure, tread design, and rubber composition), surface conditions (micro-and macro-texture, and dryness/wetness), and environmental factors (temperature and contamination) (Henry 2000 , Hall et al. 2006 . Savkoor (1986) found that friction of rubber polymer is closely related to its viscoelastic behavior due to the flexibility of polymer chains. He proposed a formulation that incorporated the effect of the sliding speed on the friction coefficient, as shown in Equation 1. In this equation, the friction coefficient increases with sliding velocity until a maximum value is reached at a certain speed, followed by a decrease of the friction coefficient. 
where k is kinetic coefficient at the highest sliding speed; s is static coefficient at the onset of sliding (zero sliding speed); is user-defined decay coefficient; and s is sliding speed.
For the contact between the rubber tire and the pavement surface, the static coefficient of friction is closely related to the surface micro-texture, while the decay coefficient is highly dependent on surface macro-texture (Henry 2000) . In this study, we compare the contact stresses between the constant friction model and the sliding-velocity- 
Tire-Pavement Contact Stresses at Various Rolling Conditions
The analysis of tire-pavement contacts requires not only the understanding of the tire material and structure but also knowledge of vehicle operation. In free rolling, no additional driving/braking torque is applied on the tire, and the angular velocity is equal to the transport velocity divided by the free rolling radius. For a specific transport velocity, the angular velocity at the free rolling condition corresponds to the state characterized by zero longitudinal reaction forces (RF) acting on the tire from the pavement surface (Fig. 5 ).
During tire braking or acceleration, due to the applied braking or driving torque on the tire, the angular velocity of a tire is different from the angular velocity at the free rolling condition (Fig. 6(a) ). As the tire is cornering, the cornering force (or side friction force) is induced on the tire due to the tread slip in a lateral direction when the vehicle is steering. The corenering force is parallel to the road surface and at an angle with the moving direction of the wheel. The friction between the tire and the road surface restricts the lateral movement of the tire and results in lateral deformation of the tread elements within the contact patch while the wheel is steering away from the forward direction.
Therefore, a slip angle is induced between a rolling tire's actual direction of motion and the pointing direction ( Fig. 6(b) ). 
Effect of Pavement Surface Friction on Contact Stresses
The effects of pavement surface friction on tire-pavement contact stresses are analyzed using different constant friction coefficients and friction models, respectively. In the analysis, the load on the tire is 17.8kN and the tire inflation pressure is 724kPa. The analysis results show that the effect of rolling speed on contact stress distributions in the contact patch is insignificant, which is consistent with the experimental findings reported by previous researchers (Tielking and Roberts 1987) . Table 1 summarizes the maximum contact stresses in three directions (vertical, transverse, and longitudinal) and the ratios of these maximum contact stresses at various rolling conditions ( v =10km/h) when using different constant friction coefficients.
The results show that when the tire is free rolling or full braking, the vertical contact stresses are kept relatively constant as the friction coefficient increases. However, the tangential contact stress increases as the friction coefficient increases, especially for the transverse contact stress at the free rolling condition and the longitudinal contact stresses at the braking/acceleration condition. Tangential contact stresses develop through shear mechanisms while a tire rolls on a road surface and, therefore, depends on the friction coupling at the tire-pavement interface. When the tire is cornering, the contact M a n u s c r i p t
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stresses in three directions all increase as the friction coefficient increases; the increase of vertical and transverse contact stresses is more significant than the increase of the longitudinal contact stresses. This is probably because the tire deformation tends to be greater at one side of the contact patch during cornering and the allowed maximum friction force before sliding increases.
At the free rolling and cornering conditions, the ratios of tangential contact stresses relative to the vertical contact stresses are smaller than the friction coefficients.
This indicates that no relative slippage occurs between the tire and the pavement.
However, at full braking, longitudinal contact stresses are equal to vertical contact stresses multiplied by friction coefficient since the tire is essentially sliding on the pavement surface. Table 2 summarizes the maximum contact stresses in three directions (vertical, transverse, and longitudinal) and the ratio of these maximum contact stresses at various rolling conditions when using different friction models ( v =10km/h). The tire-pavement contact stresses at the free rolling condition or at the cornering condition are not affected by the sliding-velocity-dependent friction model; no slip is almost induced at the tirepavement interface when the tire is pure rolling or cornering at small slip angles. This indicates that it is reasonable to use constant static friction coefficient when predicting tire-pavement contact stresses at free rolling condition or at cornering condition with small slip angles. However, using the constant friction model may overestimate peak longitudinal contact stresses when the tire is sliding at the full braking condition, because the constant friction model cannot simulate the decay of friction coefficient as slip speed increases.
Effect of Pavement Surface Friction on Vehicle Dynamic Forces
In vehicle dynamics, the tangential force developed at the tire-pavement interface as the vehicle is maneuvering is important for stability control. Fig. 10 plots the calculated longitudinal friction force that acts on the tire during braking at different slip ratios. The general trend shows that the friction force reaches its maximum when the slip ratio is around 10% (critical slip ratio). When the slip ratio is lower than the critical slip ratio, the state of contact is partial slip; when the slip ratio is greater than the critical slip ratio, the state of contact is full slip. At full slip, the value of the maximum frictional force is equal to the normal force applied on the tire multiplied by the friction coefficient.
When the tire is at partial slip, the calculated friction forces are approximately the same when using the constant and the sliding-velocity-dependent friction models.
However, different trends are observed at full slip. For the constant friction coefficient model, the friction force remains constant as the slip ratio is greater than the critical slip ratio. On the other hand, the friction force decreases as the slip ratio increases when the sliding-velocity-dependent friction model is used. The development trend of friction force using the slide-velocity-dependent model is more consistent with the measured skid resistance during the tire braking process (Henry 2000) . Therefore, the tangential interaction between the tread tip and the road surface can be better captured using the improved friction models.
In addition, it is found that using the constant friction model can overestimate the maximum friction force at the critical slip ratio, especially at high speed. This is particularly important for the vehicles with an anti-lock braking system (ABS) because M a n u s c r i p t
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the brakes are controlled on and off repeatedly such that friction force is held near the peak. At low slip angles, there is little to no slip in the contact area, thus the cornering force is not affected by the friction model. As the tire reaches higher slip angles, the slip occurs in the contact area where the lateral force approaches the available friction force.
After the slip occurs, the global lateral force is dominated by the maximum friction force.
Thus, the predicted cornering forces at high slip angles using the sliding-velocitydependent friction model are slightly smaller than those predicted using the constant friction model.
Conclusions and Recommendations
The developed tire-pavement interaction model has potential to predict the tire-pavement 
